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Abstract

In this paper we explain a parallelimplementatiorof atraffic micro-simulationmodelbasedon the queuemodel
introducedby Gawron. Within this model,links do notonly have aflow capacitythatlimits thenumberof vehicles
thatcanleave thelink, but alsohave a spaceconstraintwhich limits the numberof vehiclesthatcanbe on a link

simultaneouslyThevehiclesin this modelfollow their precomputegbathsasin otherroute-plan-basesimulations
suchasTRANSIMS. Sincethe queuemodelneeddessdataandcomputingpower, it runsmuchfasterthanTRAN-

SIMS for thesamedata.In the parallelimplementatiorof the queuemodelwe distributethe dataontoa numberof

processorseachof which runsa smallerportionof the simulation. The parallelversiongivesaruntimethatis 100
timesfasterthanrealtime. We testthis simulationon a scenariausingthe roadnetwork of Switzerland.
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1 Intr oduction

Queueing theory is the studyof systemf queuesvhereitemsarrive to thequeuedor service wait in the queuedor
awhile, receve servicefrom oneor moreseners,andlease. Queuesij.e, waiting lines, form becauseesources are
limited. Queueingheorydealswith problemswhichinvolve waiting lines, i.e, it handleghe problemsof congestion.

Queueingheorystudiestheissuessuchastherate of arrivals at the queue the averagewaiting time until being
sened, the averagequeuelength, etc.,by knowing arrival ratesandservicerates.Queuesn a systemhave a certain
servicerate. If the arrival rate of the itemsis greaterthanthe servicerate, queuesare createdo keepthe excessie
arrivals.

In this paper we modeltraffic basedon an extendedversionof queueingtheory We will usetheterm“Queue
Model” insteadof theterm“QueueingTheory”in orderto stresghoseextensionsOur aimis to simulatethelinks as
gueuesandto make theintersectiorlogic realistic.

In queueingtheory it is usualto definequeuesof infinite length. If the capacityof a queueis finite, queueing
theorydefineshe system loss asfollows: If anew item arrivesto a queuewhich doesnot have any emptyspacethen
the item leaveswithout beingsened (theitem is called“lost”). In our case,nsteadof losing the item, we refuseto
acceptit, which meansthatit doesnot getsened at the upstreansener evenif the sener hasfree capacity Since
this behaior cancausedeadlockqloopsof completelycongestedjueues)we remove vehiclesfrom the simulation
if they have not movedfor a certainamountof time. Our goal, however, is to have a simulationwhich doesnot lose
ary items.

The paperis organizedasfollows: Implementatiorof queuemodelis explainedin section2. Section3 givesan
introductionto parallelprogramming.Parallelimplementatiorof the queuemodelis givenin Section4. Section5
discussesghe simulationresults.
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2 QueueModel

In our model, the streetg(links) arerepresentedby finite queues.The dynamicsof the queuemodeldescribedand
implementecherefocuson two mainreason®f a congestion.Thefirst of thesereasonss definedby not allowing
morevehiclesto leave alink pertime stepthanthenumberof vehiclesthatareallowedto leave accordingo thelink’s
capacity This is the capacity constraint. The secondoneis thatlinks canonly storea certainnumberof vehicles,
which we call the storageconstraint. The storageconstraintcausesjueuespill-back,andit reduceghe numberof
incomingvehiclesto thelink oncealink is full.

In consequencesachlink is representedly a queuewith a freeflow velocity vy, alength L, a capacityC anda
numberof lanesn;,,.s. Freeflow velocity is the velocity of a carwhenthetraffic densityis very low suchthata car
cango throughthatparticularlink asfastaspossible.Freeflow travel timeis calculatedby Ty = L/vy.

Thestorageconstrainbf alink is calculates Nyjes = L - Nygnes/lsites, Wherelses is thespaceasinglevehicle
in theaverageoccupiedn ajam,whichis theinverseof thejam density We usel ;. = 7.5 m. Theflow capacityon
the otherhand,is givenby theinputfiles.

As mentionedabore, vehiclesin the simulation can get stuck if congestedinks form a closedloop, andthe
vehiclesatthedownstreanmendof eachof thesdinks wantto move into the next of thesefull links. In orderto prevent
this gridlock, ary vehicleatthe beginningof a queuethathasnot movedfor over 300 simulationtime stepg(seconds)
is removedfrom the simulation.

The queuemodelis implementedisingthealgorithmshavn in Alg. 1. Thealgorithmgiventhereis basedonthe
algorithmdescribedn [1, 6] but with a modifiedintersectiondynamics. In thosereferencesthe intersectionogic
essentiallyis:

for all links in the simulationdo
if vehiclehasarrivedatendof link
AND vehiclecanbemovedaccordingio capacity
AND thereis spaceon destinatiorlink then
move vehicleto next link
endif
endfor

Thethreeconditionsmeanthefollowing:
¢ A vehiclethatenterdink a attimety, cannotleave thelink beforetime ty + Ty, asexplainedabove.

e Thecondition“vehiclecanbe maovedaccordingto capacity”is determinedas
(Nlink < int(Clmk)) OR (Nlink = int(Clink) AND rnd < Clmk—int(clmk)>

whereCy;,,x is the capacityof thelink and Ny, is the numberof thevehicleswhich alreadyleft the samelink
in the sametime step.rnd is arandomnumbersuchthat0 < rnd < 1 andint(z) returnsthe integer part of
thenumberz. Whatit is meantby this formulais thatthe vehiclescanleave thelink if leaving capacityof the
link hasnot beenexceededyetin thistime step.If the capacitypertime stepis non-intger, thenwe move the
lastvehiclewith a probabilitywhichis equalto the non-inteyer partof the capacitypertime step.

e “spaceondestinatiodink” is theimportantdifferenceto standardqueuemodels:If thedestinatiorlink is full,
thevehiclewill notmove acrosgheintersection.

The problemwith this algorithmis thatlinks arealwaysselectedn the samesequencethusgiving somelinks a
higherpriority thanothersundercongesteaonditions.Notethatthe “winning” link is notthelink which is earliest
in thesequencehut thelink whichis first afterwhentraffic onthedestinatiorlink hasmoved.

Simplerandomizatiorof thelink sequencés only a partialremedysincewhatonetruly wantsis to give links with
a highercapacityalsoa higherpriority. In consequenceye have modifiedthe algorithmsothatlinks areprioritized
randomlyaccordingto capacity Thatis, links with high capacityaremoreoftenfirst thanlinks with low capacity At
the sametime, we have moved the algorithmfrom link-orientedto intersection-oriemd (thatis, the loop now goes
over all intersectionsyhich thenlook at all incominglinks), andwe have separatedhe capacityconstrainfrom the
intersectiorlogic. Thelastwasdoneby introducinga separatéuffer atthe endof thelink, whichis of size [Cj;x |,



move according move according
to capacity to space availability

Figurel: Link dynamicswith buffer

i.e. thefirstinteger numberbeinglarger or equalthanthelink capacity(in vehiclespertime step). Vehiclesarethen
movedfrom thelink into the buffer accordingto the capacityconstraintand only if thereis spacean the buffer; once
in the buffer, vehiclescanbe movedacrosdntersectionsvithoutlooking atthe capacityconstraints.

Theabove detailsaregivenin algorithmicform in Alg. 1. In additionandin preparatiorfor parallelcomputing,
we have madethe dynamicsof the algorithmcompletelyparallel. Whatthis meanss that, if traffic is moved out of
afull link, the newv emptyspacewill not becomeavailableuntil the next time step— at which time it will be shared
betweenthe incominglinks accordingto the methoddescribedabove. This hasthe advantagethat all information
which is necessaryor the computationof a time stepis availablelocally at eachintersectionbeforethe time step
starts— andin consequenc#hereis no information exchangebetweenintersectionsluring the computationof the
time step.

Algorithm 1 QueueModel Algorithm — Propagat@ndScatter
/I Propagateehiclesalonglinks:
for all links do
while morevehiclescanmove accordingo flow capacityandthe buffer hasspacedo
if thefreeflow speedarrival time is smallerthanthe currenttime, then
Insertthevehiclesto the buffer
Remoave thevehiclesfrom theactuallink
else
Firstvehiclehasnotyetarrivedatendof link, continueto the next link
endif
endwhile
endfor
/l Move vehiclesacrossntersections:
for all nodesdo
while therearestill eligible links do
Selectaneligible link randomlyaccordingto capacity(Sec.A)
Mark link asnon-eligible
while therearevehiclesin the buffer of thatlink do
Checkthefirst vehiclein the buffer of thelink
if thedestinatiorlink accordingto its planhasa spacehen
Insertthevehicleinto destinatiorlink
else
if thevehiclehasbeenwaiting heremorethan300secsthen
Remaeit from the simulation
end if
endif
endwhile
endwhile
endfor




3 Parallel Computing

3.1 Generallssues

Theideabehindparallelcomputingis thata taskcanbe achiered fasterif it is divided into a setof subtaskseachof
whichis assignedo adifferentprocessorTheaimis to speedip the computatiorasawhole.

A possibleparallelcomputatiorervironmentis for examplea clusterof standardPentiumcomputerscoupledvia
standardLO0OMbit EthernetLAN. Eachcomputemwould thengeta subtaskasdescribedabore.

In orderto generate parallelprogram onemustthink about(i) how to partitionthetasksinto subtasks(ii) how to
provide the dataexchangebetweernthe subtasksOnepossibility of partitioningis to decompose¢hetasksothateach
subtaskcanrun the sameprogramon a smallerportion of dataindependenof the othersubtasks Whena subtasks
needdnformation/datdrom anothersubtaskthencommunicatioris required.

As anexample,atraffic simulationmighttake alongtimeto runif theunderlyingnetwork is large andthenumber
of vehiclesis high. If onecaresaboutfastcomputatiortime, thenparallelcomputingis a solutionsinceit solvesthe
problemcost-efectively by aggregating the powver and memoryof mary computers.What needsto be doneis to
partitionthe streetnetwork andto distribute the vehiclesaccordingto the partitioninginformation. If avehicleneeds
to moveinto alink whichis onananothermpartition,thenacommunicatiorbetweernthesetwo partitionstakesplace.

Partitioningof adomaincanbedonein severalways. Findingthe bestway of doinga decompositiordepend®n
whatis to bedecomposedn ourtraffic simulation,we needto divide thenetwork (of the streetsandtheintersections)
into anumberof subnetwrks. In orderto achiese this, we usea software packagecalledMETIS [2] whichis based
on multilevel graphpartitioning. After the partitioningis done,eachprocessois assignedo a subpart.

With respecto communicationtherearein generakwo mainapproache interprocessocommunicationOne
of themis called message passing betweerprocessorsits alternatve is to useshared-address space wherevariables
arekeptin acommonpool wherethey areglobally availableto all processorsEachparadigmhasits own adwvantages
anddisadwantages.

In theshared-addrespaceapproachall variablesareglobally accessibléy all processorsDespitemultiple pro-
cessorperatingindependentlythey sharethe samememoryresourcesAccessinghe memoryshouldbe provided
in amutuallyexclusive fashionsinceaccesset the samevariableatthe sametime by multiple processormightlead
to inconsistentlata. Shared-addrespaceapproachmalesit simplerfor the userto achiere parallelismbut sincethe
memorybandwidthis limited, severebottlenecksareunavoidablewith theincreasinghumberof processorspr alter
natively suchsharednemoryparallelcomputerdoecomevery expensve. Also, the useris responsibldor providing
the synchronizatiorconstructsn orderto provide concurreneiccesses.

In the messageassingapproachthereareindependentooperatingprocessors.Eachprocessohasa private
local memoryin orderto keepthe variablesanddata,andthuscanaccesdocal datavery rapidly. If anexchangeof
theinformationis neededetweerthe processorgheprocessorsommunicat@andsynchronizeby passingnessages
which are simple send andreceive instructions. Messagepassingcan be imaginedsimilar to sendinga letter The
following phase$apperduringa messag@assingoperation.

1. Themessag@aeeddo bepacled. Here,onetells the computemwwhich dataneedgo besent.

2. Themessagés sentaway.

3. Themessagéhenmaytake sometime on the network until it finally arrivesin therecever’s inbox.
4. Therecever hasto officially receve themessage,e. to take it out of theinbox.

5. Therecever hasto unpackthe messagandtell the computemwhereto storethe receved data.

Therearetime delaysassociatedvith eachof thesephases.It is importantto note that someof thesetime delays
areincurredevenfor anemptymessagé€‘lateng/”), whereathersdependon the sizeof the messag€“bandwidth
restriction”). We will comebackto thisin the next section.

The communicatioramongthe processorganbe achieved by usinga messageassinglibrary which provides
the functionsto sendandreceve data. Thereare several librariessuchas MPI [3] (MessagePassinginterface)or
PVM [5] (ParallelVirtual Machine)for this purpose.Both PVM andMPI aresoftware packages/librariethatallow
heterogeneouBCsinterconnectedy a network to exchangedata. They both definean interfacefor the different
programminglanguagesuchas C/C++ or Fortran. For the purposesof paralleltraffic simulation,the differences
betweerPVM andMPI arenggligible; we useMPI sinceit hasslightly morefocuson computationaperformance.
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3.2 Performancelssues

The size of input usually determineghe performanceof a sequentiaklgorithm (or program)evaluatedin termsof
executiontime. However, thisis not the casefor the parallelprograms.Whenevaluatingparallelprograms pesides
theinputsize,thecomputerarchitectureandalsothe numberof the processorsnustbe takeninto consideration.

Therearevariousmetricsto evaluatethe performanceof a parallelprogram. Executiontime, Speedu@and Effi-
cieng arethemostcommonmetricsto measureéhe performancef a parallelprogram.Wewill discusghesemetrics
in thefollowing subsections.

3.2.1 ExecutionTime

The executiontime of a parallelprogramis definedasthe total time elapsedrom the time the first processostarts
executionto thetime thelastprocessocompleteghe execution.During execution,a processors eithercomputingor
communicatingTherefore,

T(p) = Tcmp(p) + Temm (),

whereT' is the executiontime, p is the numberof processorsT,,,, is thecomputatiortime and7,,, is thecommu-
nicationtime.

For traffic simulation,thetime requiredfor the computationnamely Tt,,, canbe calculatedoughlyin termsof
the serialexecutiontime (runtime of thealgorithmon a single CPU) divided by the numberof processorsThus,

Ty

Temp(p) =
cmp D

whereT} is the serialexecutiontime, p is the numberof CPUs.More exactformulaswould alsocontainthe overhead
effectsandunequaldomainsizeeffects.

As mentionedabove, time for communicatiortypically hastwo contrikutions: Lateny andbandwidth.Latengy
is thetime necessaryo initiate the communication.e, the messagsizehasno effect here.Bandwidthdescribeghe
numberof bytesthatcanbe exchangegersecond Sothetime for onemessagés

Smsg
b 7

whereTy, is thelateng, Sy,s4 isthemessagsize,andb is the bandwidth.

Tmsg =T+

3.2.2 Speed-Up

Maybe the most useful metric in measuringperformanceof a parallel programis how much performancegainis
achieved by the program.Speedumchiezed by a parallelalgorithmis definedasthe ratio of the time requiredby the
bestsequentiahlgorithmto solve a problem,T'(1), to thetime requiredby parallelalgorithmusingp processorso

solve thesameproblem,T'(p):
S(p) == % .

Dependingon the viewpoint, for 7'(1) oneuseseitherthe runningtime of the parallelalgorithmon a single CPU, or
the fastesiexisting sequentiahlgorithm. In our model,we measurehe serialexecutiontime by runningthe parallel
programonly oneCPU.

Speedugs limited by a coupleof factors. First, the software overheadappearsn the parallelimplementation
sincethe parallelfunctionalityrequiresadditionallines of code.Secondspeedups generallylimited by the speedf
the slowestnodeor processorThus,we needto make surethateachnodeperformsthe sameamountof work. i.e. the
systemis loadbalancedThird, if thecommunicatiorandcomputatiorcannotbe overlappedthenthecommunication
will reducethe speeddf theoverall application.

A final limitation of the speedups known asAmdahl’s Law - Serial Fraction. This stateshatthe speedupf a
parallelalgorithmis effectively limited by the numberof operationsvhich mustbe performedsequentially Thus,let
us define,for a sequentiaprogram,ts asthe amountof the time spentby one processoon sequentiapartsof the
programandtp asthe amountof the time spentby oneprocessoon partsof the programthat canbe parallelized.
Then,we canformulatethe serialrun-timeasT'(1) := tg + tp andtheparallelrun-timeasT(p) := ts + tp/p.
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Figure2: Communicatiorbetweemodesin the boundariesNodeN1 needdo communicatevith N2 andN3. Since
N2 andN3 areonthe sameprocessqrthey do not needto establisra communicatiorbetweernthemseles.
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Thereforetheserialfraction F will be

ts
F:=—
T(1)’
andthe speedupb(p) is expresseds
ts +1p
S(p) = ip
ts + >
or in termsof serialfraction, it would be
S(p) = —
Py =

This meanghatevenfor p — oo, thespeeduganbenolargerthanl/F.

As anillustration, let us say we have a programof which 80% canbe donein paralleland20% mustbe done
sequentially Thenevenfor p — oo, we have S(p) = 1/F = 5, meaningthat even with an infinite numberof
processorsve areno morethan5 timesfasterthanwe werewith asingleprocessor

3.2.3 Efficiency

An ideal systemwith p processorsnight have a speedupup to p. However, this is not the casein practicesince,as
pointedout abore, somepartsof the programcannotbe parallelizedefficiently. Also, processorsvill spendtime on
communicationEfficiengy is definedas

B(p) = 52

p

Efficiengy isameasuref the percentagef time for whichaparallelcomputemwith p processorss utilized effectively.
Ideally, efficiency equalsto 1 but in practice,it is betweerD and1 dependingon how a processois employed. This
numbelis particularlyusefulwhentheoverall executiontime doesnotmatterbut oneis interestedn efficienthardware
usage.

4 Parallel QueueModel

The decompositiorat the boundariesof the subnetwarks in our simulationis shavn in Figure 2. Eachnodehas
outgoingandincominglinks. As shavn in Figure2, the nodesat the boundariesaredivided in a way thatthe nodes
andtheincominglinks of thosenodesareon the sameprocessor

Wheneer a vehicleis at the boundaryof a processoand needsto go to a link which is locatedon another
processagrthe vehicleis sentto thatotherprocessoby usingmessagassing.The neighborprocessorecevesthe
vehicleandinsertsit into theappropriatdink.

Thereis actuallyanothemparallelcommunicatiorstepwhich is necessaryefore theintersectiordynamicss run.
In thatcommunicatiorstep,eachlink senddts numberof emptyspacedo its from-node,i.e. thenodewhereit is an
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Figure3: Decompositiorof the Switzerlandstreetnetwork. Eachcolor correspondso a differentprocessor

outgoinglink. If link andnodeareonthe sameprocessqrthisis a simpledatacopy operationjf they areondifferent
processorghenthisinvolvesa sendandreceve. Theresultingparallelalgorithmis givenasAlg. 2.

In orderto run our parallelapplicationwe runit on aclusterof 32 PentiumPCsconnectedy 100Mbit Ethernet,
whichis astandard_AN technology The PCsrun Linux asanoperatingsystem.Usingasupercomputesuchas|BM
SP2or Intel iPSC/860in orderto achiare the parallelismis moreexpensve andnot necessarilyaster

With respecto domaindecompositionFig. 3 shavs aresultof usingthe METIS default routinecalledkmetis
Experimentingwith otherMETIS optionsdid not leadto any improvement. An importantreasorfor this is thatthe
default optionsof METIS-4.0,which reducethe numberof neighboringprocessor®neneedso communicatewith,
areexactly whatwe needfor our Beawulf clusterarchitecture.

5 Simulation resultsfor Switzerland

A so-calledGotthard scenario is atestfor our simulations.In this scenariowe have a setof 50000trips goingto the
samedestination.Having all trips goingto the samedestinatiorallows usto checkthetraffic jamson all usedroutes
to thedestination.

More specifically the 50’000 trips have randomstarting points all over Switzerland,a randomstartingtime
between6amand 7am,andthey all go to Lugano. In orderfor the vehiclesto getthere,mary of themshouldgo
throughthe GotthardTunnel. Thus, therearetraffic jamsat the beginning of GotthardTunnel, specificallyon the
highwayscomingfrom SchwyzandLuzern. This scenarichassomesimilarity with vacationtraffic in Switzerland.

Somesnapshotsanbeviewedin Figure4. Thelinks with higherdensitiesareindicatedby darker pixels. Thus,
thedarler coloredlinks arewherethetraffic jamsare. Thetop left pictureshavs the caseat 6:30am.As canbe seen,
thetraffic is all over Switzerland.Thereforetherearenot mary congestedinks. In thetopright figure, we seetraffic
at 7:30amwherethe vehiclesaremoving towardsthe highways. Sincethe vehiclescomingfrom differenttowns are
moving into the samehighways,congestions unavoidableandit is shavn asthe darker pixels.

Thefigure on the bottomleft is the snapshoat 9:45amwheremostof the vehiclesareon the main highways. In
the bottomright snapshotthe simulationis neartheend. Thevehicles thathave passedhroughthe GotthardTunnel,
continueto Luganoandexit the simulationthere. The GotthardTunnelandits immediateupstreamninks areindicated
by darker pixelsalmostall thetime exceptatthe very beginning of thesimulation.

Table 1 shavs computingspeeddor differentnumbersof CPUsfor the queuesimulation. This table shawvs the
performanceof the queuemicro-simulationon a Beowulf Pentiumcluster The secondcolumngivesthe numberof
seconddaken to run the first 3 hoursof the Gotthardscenario. The third columngivesthe real time ratio (RTR),
which is how muchfasterthanreality the simulationis. A RTR of 100 meanghatonesimulatesl00 secondf the
traffic scenarian onesecondf wall clocktime.



Algorithm 2 ParallelQueueModel Algorithm

for all nodesdo
for all incominglinks of thenodedo
if thenodesof thelink areontwo differentprocessorshen
sendthe numberof emptyspace®f thelink to the otherprocessar
endif
end for
endfor
for all nodesdo
for all outgoinglinks of thenodedo
if thenodesof thelink areontwo differentprocessorshen
Receve the numberof emptyspace®f thelink from the otherprocessar
else
Setthenumberof emptyspacedrom local data.
end if
end for
endfor
Accordingto the queuemodelAlg. 1, calculatethe movementsof the vehicles.
for all nodesdo
for all outgoinglinks of thenodedo
if thenodesof thelink areontwo differentprocessorshen
if therearevehiclesmoving towardthelinks locatedon anothemprocessarthen
sendthosevehiclesto the otherprocessar
remove thosevehiclesfrom thelocal queues.
end if
else
Vehiclemovements local.
endif
end for
endfor
for all nodesdo
for all incominglinks of the nodedo
if thenodesof thelink areontwo differentprocessorshen
Receve thevehicles(if any) from the neighboratthe otherendof thelink.
placethesevehiclesinto thelocal queues.

endif
endfor
endfor
Numberof Procs| Timeelapsed) | RealTime RatioQ | RealTimeRatioTR
1 357 30.25 4.5
4 153 70.59 14.9
8 108 100.00 26.6
12 104 103.85
16 115 93.91 40.9
24 142 76.06
32 212 50.94

Table 1. Computationaperformanceon a Beowvulf Pentiumcluster “Q” entries: queuesimulation. “TR” entries:
TRANSIMS (TRANSIMS performancelatafrom [4]).

Onecouldrunlargerscenariostthe samecomputationaspeedvhenusingmoreCPUs.As thenext step,we will
berunningour simulationon morerealisticscenariavhich generate40 million trips basedn actualtraffic patterns.



Figure4: Snapshotérom thevisualizer Vehiclesaremoving towardsto Lugano.
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A Selectingalink randomly accordingto capacity

Hereis analgorithmwhich selectsalink with aprobabilityproportionalto its capacity It is agenerablgorithmwhich
selectgroportionalto weightwhenfacedwith N itemswith non-normalizedveights ;.

for all incominglinks of this particularnodedo
Initialize the total weightto zero
if thereis atleastonevehiclein the buffer andthelink hasnotyetbeenselectedn this time stepthen
Add its link capacityto the total weight
Save thisweightasthelink’ s weight
Mark thelink aseligible
end if
endfor
if thereis only onelink then
Mark thelink asselected
else
GeneratarandomnumberbetweerD andtotal weight
for all eligible links do
if randomnumberis lessthanthelink’ s weightthen
Mark thelink asselectecandbreak



endif
endfor
endif
Returnthe selectedink
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